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Oscillation Suppression Considering
Characteristics of Interaction Energy in
Grid-connected DFIG-based Wind Farms via
VSC-HVDC Transmission System
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Abstract—For doubly-fed induction generator (DFIG) -based
wind farms connected to flexible DC transmission system, the
oscillation suppression after fault clearance proves very diffi-
cult. Addressing this problem, this paper constructs the dynam-
ic energy model of the interconnected system, reveals the mech-
anism of oscillation instability after fault clearance, and designs
an oscillation suppression strategy. First, by considering the dy-
namic characteristics of the control links in grid-connected
DFIG-based wind farms via voltage source converter based
high-voltage direct current (VSC-HVDC) transmission system,
the interconnected system is divided into several subsystems,
and the energy model of each subsystem is constructed. Fur-
thermore, the magnitudes and directions of different interaction
energy items are quantitatively analyzed, so that the key con-
trol links that transmit and magnify the system energy can be
identified. On this basis, the corresponding supplementary con-
trol links are designed to suppress the system oscillation. Final-
ly, the accuracy and effectiveness of the proposed oscillation
suppression strategy are verified by hardware-in-loop tests. The
results prove that the d-axis subsystem of DFIG grid-side con-
verter (GSC) current inner loop, phase-locked loop (PLL), and
q-axis subsystem of VSC-HVDC voltage outer loop are the key
links that induce the oscillation to occur, and the proposed strat-
egy shows promising results in oscillation suppression.

Index Terms—Doubly-fed induction generator (DFIG), voltage
source converter (VSC), flexible DC power transmission, stability
analysis, oscillation suppression.

I. INTRODUCTION

IN recent years, voltage source converter based high-volt-
age direct current (VSC-HVDC) transmission has gradual-
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ly become one of the mainstream ways to transmit the wind
power generated by doubly-fed induction generators (DFIGs)
[1]. After a fault is cleared, the complex interaction between
DFIG and VSC-HVDC may cause the oscillation, thus intim-
idating the stable operation of power system. Therefore, it is
very important to study the mechanism of oscillation in grid-
connected DFIG-based wind farms via VSC-HVDC transmis-
sion system after fault clearance, and propose effective oscil-
lation suppression strategies.

Currently, small-signal oscillation stability analysis for grid-
connected DFIG-based wind farms via VSC-HVDC transmis-
sion system can be mainly achieved from the modal analysis
method and the impedance analysis method. The small-signal
modeling method for grid-connected wind farm via VSC-
HVDC transmission system has been detailed in [2]. And
based on the small-signal model of the system, the oscillation
stability of the grid-connected DFIG-based wind farms has
been analyzed by the modal analysis method in [3], and the in-
fluences of LCL filter, parameters of grid-side converter
(GSC) controller, and other factors on the system stability
have been analyzed by the eigenvalue method. Based on the
small-signal model of the system, the basic principle of the im-
pedance analysis method has been detailed in [4], and the sta-
bility criteria have been put forward. The dg-domain imped-
ance model and the sequence impedance model have been in-
troduced in [5], and the mechanism of instability has been re-
vealed from the perspective of contributing negative resistance
to the system. Although the above methods can realize the
analysis of the system oscillation stability under small distur-
bances, they cannot be used to analyze the large disturbance
stability of the system. The large disturbance stability can be
analyzed by the equal area method, phase plane method, and
energy function method. In [6]-[8], the large-disturbance sta-
bility of the grid-connected converter has been assessed by the
equal area method, and it has been analyzed how phase-locked
loop (PLL) parameters and critical clearing time affect the sys-
tem stability. In [9]-[11], the projection theorem has been used
by the phase plane method to project the high-dimensional mo-
tion equation of the system onto the low-dimensional phase
plane so as to obtain the trajectory of the system, and then the
large-disturbance stability of the system is assessed by analyz-
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ing the convergence of different trajectories. The energy func-
tion method mentioned in [12]-[14] judges the large-distur-
bance stability of the system according to the convergence of
the Lyapunov energy function. The stability analysis results of
the above methods are relatively conservative, and the instabil-
ity mechanism cannot be revealed [15], [16]. In [17] and [18],
the energy model of the system considering the control links
has been built, the effect of different control parameters on the
stability of system has been analyzed, and the mechanism of
instability has been revealed. Hence, the energy function meth-
od is suited in revealing the instability mechanism of the sys-
tem.

The existing oscillation suppression strategies for grid-con-
nected DFIG-based wind farms via VSC-HVDC transmis-
sion system primarily include control parameter optimiza-
tion, additional damping controller, and control branch com-
pensation. The parameter tuning strategy proposed in [19]
and [20] suppresses the oscillation by maximizing the damp-
ing ratio of the system at the resonance point through optimi-
zation of the control parameters. This method cannot be ap-
plied online, and the range of parameter tuning is limited.
The strategies of adding supplementary damping controller
proposed in [21] and [22] realize the oscillation suppression
in a specific frequency band by adding a supplementary
damping control device. It has a significant suppression ef-
fect, but the supplementary damping device raises the cost
and complexity of the system operation, even interacting
with the DC converter that causes system instability. The
control branch compensation strategy designs the damping
control branch on the basis of the existing control system ac-
cording to the characteristics of oscillation [23], [24]. It has
fast response and a wide range of regulation.

To deal with the challenges in suppressing the oscillation
in grid-connected DFIG-based wind farms via VSC-HVDC
transmission system, a new oscillation suppression strategy
is proposed in this paper. By constructing the energy model
of the system and depicting the flow of dynamic energy in
the system after fault clearance, the occurring and develop-
ing mechanism of the oscillation is revealed, and an oscilla-
tion suppression strategy is put forward. First, considering
the dynamic characteristics of different control modules of
grid-connected DFIG-based wind farms via VSC-HVDC
transmission system, the system is divided into several sub-
systems, and the energy model of each subsystem is con-
structed. Then, the magnitude and direction of each interac-
tion energy are calculated, and the key control links that
magnify and transmit the interaction energy are identified.
Furthermore, it is revealed that the d-axis subsystem of
DFIG rotor-side converter (RSC) current inner loop, PLL,
and the g-axis subsystem of VSC-HVDC voltage outer loop
are the key links that induce the oscillation. On this basis,
the corresponding supplementary control links are designed
to suppress the transmission of the oscillation energy. Final-
ly, a simulation model of grid-connected DFIG-based wind
farms via VSC-HVDC transmission system is built in the RT-
LAB experimental platform, on which the correctness and ef-
fectiveness of the proposed strategy are verified.
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II. DYNAMIC ENERGY MODELING AND STABILITY ANALYSIS
OF GRID-CONNECTED DFIG-BASED WIND FARMS VIA
VSC-HVDC TRANSMISSION SYSTEM

As shown in Fig. 1, a grid-connected DFIG-based wind
farm via VSC-HVDC transmission system is composed of
the DFIG, RSC, DC link, GSC, and VSC-HVDC converter
station. In Fig. 1, PI is the proportional-integral controller.
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Fig. 1. Topology of grid-connected DFIG-based wind farm via VSC-
HVDC transmission system.

Since the DC link of the VSC-HVDC transmission system
has an isolating effect, the dynamic characteristic of the
DFIG-side flexible DC converter station can represent the
dynamic characteristic of the whole interconnected system.

A. Mathematical Model of Grid-connected DFIG-based
Wind Farms via VSC-HVDC Transmission System

After a fault is cleared, the mathematical models of the
grid-connected DFIG-based wind farms via VSC-HVDC
transmission system are shown as follows.

The mathematical models for the subsystems of VSC-
HVDC current inner loop are given as:

CIIM% ==Alyy+ Tipgg
. (1
dAi .
Ly dth ==R Al g+ Dty + Ty
dAu
Jii%s _— ==Aiy,+ Ty
dt a a @)
dAi
Ly, dth ==R Al + Aty + Ty

where R]IM:K[;I,VSO Con= ]/Kil,VSO and Kpl,VSC and Kil,VSC are

the proportional and integral coefficients, respectively; L,,,=
L,, and L,, is the equivalent inductance of VSC-HVDC con-
verter; Aiy, and Ai,, are the d-axis and g-axis variations of
the output current of VSC-HVDC converter, respectively;
T[Mdzlgpl.VSCAi:/[d; TiMq:Kil.VSCAij\/lw TIIMd:Ai}*\/Id! TIIMq:AiI*\/Iq’
and Ai,, and Ai,, are the variations of the reference values
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of i, and i, respectively; and Au,, and Au,,, are the d-
axis and g-axis output variations of the current inner loop in-
tegrator of the VSC-HVDC converter, respectively.

The mathematical models of RSC current inner loop sub-
systems are given as:

dAu .
Cir dtHRd ==Al+ Ty
dAi 3)
rd .
Ly dr =R Al g+ Aty + Ty
dAu .
IRy : =_Aqu + TIIRq
dAi,, ) )
LIIRT = _RIIRAqu + Au!IRq +T irg

where R;;=R,+K, ,, Cp=1/K,, R

of DFIG rotor windings, and K, , and K, , are the pro-
portional and integral coefficients, respectively; L,,=

aLr/(l +kwk”klo/aw), k,. k. k. 0,, and o are all dimension-
less constants, k,= a)s,,.p/( wy— 1), ko=L,/L,. k,=L,L, oc,=
1-w,,Liw,L,L,), o=1-L./(L,L,), L, L, and L, are
the rotor, stator, and mutual inductances, respectively, @, =
(wo—w,_) ®,, o, is the rotor angular frequency, and w,=

is the resistance

-

100m; Ai,, and Ai,, are the d-axis and g-axis variations of
DFIG rotor current, respectively; Au,, and Au,, are the d-
axis and g-axis oscillation components of the output of RSC
current inner loop integrators, respectively; T, =cos AOAi,,—
sin AOAi,,, T, =sin AOAi,,+cos AOAL, , AG is the angular dif-
ference between the power frequency coordinate system and
the PLL coordinate system, and Ai,, and Ai,, are the varia-
tions of the reference values of i, and i, respectively; and
T,, and T, are detailed in Supplementary Material A.
The mathematical model of PLL subsystem is given as:

dAu,, .
Cpll dt] :_Allﬂ + T[w
. Q)
dAiy, )
L, a Auy, =R, A+ T
where R,=K Uy seps Cpll = 1/ ( K ity sep )a L,= L K, and

K, are the proportional and integral coefficients, respective-
ly, and u,g;, is the steady-state value of the d-axis voltage

of DFIG stator; Au,, and Ai,, are the variations of the angu-
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lar velocity and angle of PLL, respectively; and 7T, =

Aug,fu gy sop, Trg=K,y,Au,, and the expression for Au,, is de-

tailed in Supplementary Material A.

The mathematical models of the subsystems of GSC volt-
age outer loop, GSC current inner loop, RSC power outer
loop, VSC-HVDC voltage outer loop, and AC line are the
same as those obtained in [25] and [26], and their derivation
process is not repeated in this paper.

B. Energy Model of Grid-connected DFIG-based Wind
Farms via VSC-HVDC Transmission System

The mathematical models of the subsystems of grid-con-
nected DFIG-based wind farms via VSC-HVDC transmis-
sion system can be represented by the general formula in (6).

dAU

CkT =—Al+ TU
dA7 (6)
Lk? :—RkAi+AU+ T]

where R,, L,, and C, are the resistance, inductance, and ca-
pacitance, respectively; and 7, and T, are the interactions be-
tween different subsystems.

According to the first integration method illustrated in
[27], integrating equation (6) along the time ¢ can yield the
energy model of the subsystem:

%CkAU2+ %LkAI2+R,JA12dt— J(r,a1+ 7,0U ) di= Const

(7
where C,AU?/2 + L,AI*/2 represents the energy stored in
the equivalent capacitance and inductance of the subsystem,
which is referred to as ¥, in this paper; R,JAI *dt represents
the energy dissipated by the equivalent resistance, which is
referred to as V, in this paper; — f (T AL+ T AU )dt repre-

sents the interaction energy between the subsystems, which
is referred to as ¥, in this paper; and Const is a constant.

The dynamic energy model of each subsystem can be ob-
tained by applying (1)-(5) to (7), as shown in (8)-(12). The
dynamic energy models of VSC-HVDC current inner loop
subsystems are given as (8) and (9). The dynamic energy
model of PLL subsystem is given as (10). The dynamic ener-
gy models of RSC current inner loop subsystems are given
as (11) and (12).

%CHMAuf,Md+ %LHMAiLd+RHM f Aiy,de+ f AiyAu gy, dt =R, f AiyyAiy,di= Const (®)

1 1 . .

3 Coning+ 5 LA+ R | A Qe+ [ Adyy Ay, 0t Ry [ Ay Ay dr= Const ©)

K,k L k K | yscki0 .
%Cp,,Auiu+ %Lp”Aifg+Rp[, f Adr + ‘;’"“’[“;{’0 f Ni Ayt = =47 f At At + =P f Ay, Aiyydi —
2] 11 11 11
. R K ko
fAuIIRinIHdt+ (Rr+Kpl,D)inrinmdt_Kpl.DfAiquimdt"‘ & = - % )fAiSinmdt+ (wm.p—wO)L,afAi,dAimdt} +
10 11
k R, K, ysckio L .

Ko R BorseB [0 g doe P28 [ A A di— [ Bty di— 257 [ Ay, 00K, [ A2 Ay i+
Ol ser |\ Ko ky, ki, ki,

k .
WfAiMun,mdt(RV+K,,1,D)fAirun,wdf+ (@

slip ™

wo)erAi,dAu,,udt} = Const

(10)
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where k,=L,/L,; k, and o, are dimensionless constants;

and Ai , and Ai, are the variations of d-axis and g-axis output
currents of DFIG, respectively.

(fAi:dAulqudt— fAi:unlquAilgdt) = Const

C. Analysis of Interaction Path of Oscillation Based on Dy-
namic Energy Flow

Based on the relationship between the stored energy and sys-
tem stability [18], when the system is disturbed, it is asymptot-
ically stable if the stored energy V, decreases with time and
eventually reaches its minimum. Meanwhile, if V, increases
with time, the system will be destabilized. Therefore, the sys-
tem stability can be reflected by the variation trend of V,

From (7), the derivatives of V,, V,, and V, satisfy:

VoV 7, (13)

It can be observed from (7) that VD is constantly positive,
so it has negative contribution to ¥,. In other words, ¥, can
help the system remain stable. When —V,>0, —V, has posi-
tive contribution to VP, meaning that the interaction energy
will cause the system 1nstab111ty When —V,<0, -V, has neg-
ative contribution to ¥, meaning that the interaction energy
will help the system remain stable. And the oscillation trans-

mission path can be depicted by analyzing the interaction en-
ergy between different subsystems.

Assume that an oscillation with constant amplitude occurs
in the grid-connected DFIG via VSC-HVDC transmission
system after the fault is cleared, with the dominant oscilla-
tion component of DFIG output current being G,e”. G, is
the amplitude of the current variation. In this case, the oscil-
lation components of state variables in each subsystem can

be written according to (1)-(5), as shown in (14).
Ay +jAi g, = Aiy,+ Ay, =G e
A +jAi, =G, ")
Auy,=G,sin(yt+4,)

: _ J(7+ bune)
Ay +.]Au[1Rq =G e

(14

: _ (7 B
Aut g+ A0y, = G i€ "

Au,, =G cos(yt+¢,w)

Io

Aiy=Gy, cos(yt+¢,,,)
where G., G

ir’ us> Gu[IR’ GullM’ Gl(u’ GIG and ¢[r’ ¢us’ ¢ullR’ ¢M[[M’
@ 9, are the amplitudes and phases of the variations of
DFIG rotor current, DFIG stator voltage, RSC inner loop in-
tegrator output, VSC-HVDC inner loop integrator output,
output angular velocity of PLL, and output phase of PLL, re-
spectively; and y is the angular velocity of the oscillation.

By applying (14) to the energy model of each subsystem
shown in (8)-(12), the expressions for different interaction
energy items between different subsystems can be obtained.
1) Interaction Energy Links of d-axis Subsystem and q-axis
Subsystem of VSC-HVDC Current Inner Loop: AC Line

According to the energy model of the grid-connected
DFIG-based wind farms via VSC-HVDC transmission sys-
tem, there are four interaction energy items between the two
subsystems and others, i.e., D Ve, and Vi, which are the
interaction energies flowing from d-axis subsystem of VSC-
HVDC voltage outer loop to d-axis subsystem of VSC-
HVDC current inner loop on the AC line; @ Vie, and
Vi1 Which are the interaction energies flowing from g-axis
subsystem of VSC-HVDC voltage outer loop to g-axis sub-
system of VSC-HVDC current inner loop on the AC line.
The expressions for ¥V, c.» Vi1 Vicow and Vi, are:

. GG
View= %(COS(¢MIM_¢1M*) +COS(2Vt+¢uHM+¢iM*))
V.T.,Llw: M( COS(¢iM_¢iM*) -
cos(2yt+¢,.M+¢,-M*))
GG
Vicw= f(cos(¢ullM_¢iM*) _Cos(zyt+¢uIIM+¢iM*))
VIL2»¢~: M(_COS(¢iM_¢IM*) +
COS(27t+¢u11M+¢iM*))

(15)
where G,, and ¢, are the amplitude and phase variations of
the VSC-HVDC converter output current, respectively; and
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G, and ¢, are the reference values of G,, and ¢, respec-
tively. From (15), VTCW Vit VTCM, and VT 12, Vary peri-
odically. Therefore, the stored energy of VSC-HVDC volt-
age outer loop and current inner loop also varies periodical-
ly, and the oscillation will go on. Since cos(qﬁiM*—q}uHM) =0,

cos((/ﬁ[M*—(;ﬁiM)zO, the accumulated values of V.

Viiiws Vi and Vo are all 0 within one oscillation peri-
od. It means that this interaction only transmits the oscilla-
tion, and will not change the stored energy of the system.
2) Interaction Energy Links of d-axis Subsystem and q-axis
Subsystem of RSC Current Inner Loop: DFIG Rotor

There are eighteen interaction energy items between the
two subsystems and others, i.c., @ V., and V,,,, are the
interaction energies flowing from RSC outer loop subsystem
and PLL to the d-axis subsystem, respectively; @ V,,,,
Vines Vi Viess Vists Visas @nd Vi, 5 are the interaction
energies flowing from PLL, VSC-HVDC voltage outer loop
subsystem, VSC-HVDC current inner loop subsystems, RSC
inner loop subsystem, and outer loop subsystem to the d-ax-
is subsystem, respectively. The expressions for VT Cs30 VT Chw3d
VTL23’ VT.L53a VT.,L1w3a VT,L43: VT,LICSD VTL135 and VTsts are giv-
en in Supplementary Material A. Similarly, the interaction
energy between the g-axis subsystem and others is also giv-
en in the Supplementary Material A.

Applying the amplitude-phase analysis method, within the
sub-/super-synchronous frequency ranges, —VI 113> 0, and the

magnitude of ‘ VZ m‘ is far greater than the others. Similarly,

V1 12a<0, =V, 5..>0, and the magnitudes of ‘Vr, sz4‘ and

Thus, V. V.

T.L24> T.L13> and

’VZ m‘ are far greater than the others.

V12w are the dominant interaction energy items. The detailed
analysis and derivation process are given in Supplementary
Material B.
3) Interaction Energy Links of PLL

There are eight interaction energy items between state
variables of PLL i, and other subsystems, i.e., VT 050
Viacs Viows: Viws: Viacss Viaws a0d Vigs,
which are the interaction energies flowing from VSC-HVDC
voltage outer loop subsystems, VSC-HVDC -current inner
loop subsystems, RSC outer loop subsystems, and RSC cur-
rent inner loop subsystems to PLL. Similarly, there are also
eight interaction energy items between state variable of PLL
u,, and other subsystems, as shown in (9).

According to the amplitude-phase analysis method, within
the sub—/super—

’VT waws b and ‘VT w45’ are far greater than the others,

and —V,,,.s<0, V[‘1,2M,5>0 VTM,45>0 VK}1,25<0 VT 05>
0. Thus, Vi gps. Vivase Viwowss Viwawss and Vi . are the dom-
inant interaction energy items in the above interaction ener-
gy items. The detailed analysis and derivation process can
be found in Supplementary Material C.

VT. 015>

VTwZS

T.635

>

waws |

D. Analysis of System Oscillation Stability Based on Dynam-
ic Energy Flow

Based on the analysis in previous subsections, the oscilla-
tion interaction path of the grid-connected DFIG via VSC-
HVDC transmission system can be depicted, as shown in
Fig. 2. According to (13), when the derivative of the sum of

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 13, NO. 2, March 2025

the interaction energies between different subsystems —VT’X>
0, the stored energy of the system is increasing with time,
and the system is unstable. Similarly, when -V, <0, the
stored energy of the system decreases with time, and the sys-
tem remains stable.

r_—— — — a V. r——— — "
|| Flexible DC | —VrLs || RSCinner ||
| inner loop d-axis | ‘ loop d-axis |
‘ subsystem ‘ ~Vros subsystem ‘

V r— - — /" :

I'| Flexible DC |l "2>*, PLL I'| RSC outer | |
| | outer loop g-axis | | \ subsystem | —V5waws || loop g-axis | |
| subsystem [ ‘ I 1 subsystem | |
| | Vs | T ‘ | Viaas | |

Flexible DC ‘ Vi ‘ RSC inner

. . > | .
| inner loop g-axis | ! ! "1 loop g-axis |
‘ subsystem I ‘ ~Vrroa ‘ "l subsystem ‘
| VSC-HVDC | | PLL | | DFIG |
L2 L = _ 1 L = 1

Fig. 2. Interaction path of oscillation in interconnected system.

The interaction energies =V, 15, ~Vii0w Vigs: —Viwows
and -V 45 are all positive values increasing with time, while
~Viass =Vie and =V, . o are the negative values decreas-
ing with time, and the sum of the above interaction energies is
greater than 0 and increases with time. So, the stored energy of
the system is increasing, and the system is unstable.

In Fig. 2, the interaction paths between different subsys-
tems are marked in different colors, where the energy links
in red indicate that the energy flows are not conducive to
the system stability, while the energy links in blue indicate
that the energy flows are conducive to the system stability.
In addition, it can be observed from Fig. 2 that PLL is the
main cause of system oscillation.

III. OSCILLATION SUPPRESSION STRATEGY

Based on the influences of different interaction energy
links on the system stability, the interaction links can be clas-
sified into “transmitting links”, “gaining links”, and “damp-
ing links”. Then, the key interaction links that induce the oscil-
lation can be located. On this basis, corresponding compensa-
tion branches can be designed to suppress the oscillation.

A. RSC Phase Compensation Branch

After fault clearance, the oscillation in the grid-connected
DFIG via VSC-HVDC transmission system is induced by
the energy interaction between g-axis subsystem of RSC cur-
rent inner loop and PLL, and the key interaction energy

links Viiso= kio/0, Ky R+ Ky, ) Ay A,

K, DAifdAz,qAﬁ, where A@=Ai,. By adding two phase com-
pensation branches to these dominant interaction links, the
transmission of oscillation energy between RSC and PLL
can be suppressed, as shown in Fig. 3.

After adding the phase compensation branch, the reference
value vector of RSC inner loop moves an angle of —A6# in
the forward direction. This compensates for the difference
between the reference value and measured value of the cur-
rent resulting from the output deviation of PLL phase angle.
The interaction energies of d-axis subsystem and g-axis sub-
system of RSC current inner loop after the phase compensa-
tion are shown in (16) and (17), respectively.

are V=
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Comparing (10), (11), (16), and (17), after the phase com-
pensation, the interaction energies flowing from PLL to RSC
current inner loop subsystems disappear. It means that the
energy transmission between these subsystems can be

ALl A, (17)

blocked by the phase compensation branches.

When the system operates in normal state, A@=0; thus,
i,,c080+i, sin0=i,, i, cosO—i,sin0=i,, and the equa-
tions for RSC current inner loop will be those shown in (3)
and (4). Therefore, the phase compensation branches will
not affect the control performance of the system in normal
operation state.

B. RSC Supplementary Damping Control Branch

Based on the above analysis, the subsystem of d-axis RSC
current inner loop is the oscillation source and the key link
that transmits oscillation energy to the output current of the
wind farm. By increasing the dissipation energy of this sub-
system, the cyclic process of gaining and transmitting oscilla-
tion energy can be effectively suppressed. After the supple-
mentary damping branch is added, the control strategy of
RSC inner loop becomes:
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where R,, is the control parameter for the supplementary
damping control branch, and the value of R, is 0.5.

The dissipation energy of the subsystem becomes:

dv, . .
% =V oo irat AV po yra o = JRIIRAlfddt + ijAlfddt (20)
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d VD2, 1IRq
dr

As can be observed from (20) and (21), a positive incre-
ment is added to the dissipation energy of the RSC current
inner loop subsystems after the supplementary damping con-
trol branch is added. Since the energy dissipation intensity
of the subsystem increases, the energy dissipation intensity
of the whole system also increases.

When the system operates in the steady state, the devia-
tion of rotor current from the equilibrium point will be 0,
and the supplementary damping control branch —-R,,Ai,, will
be 0. Therefore, the supplementary damping control branch
will not affect the system control performance in the normal
operation state.

= VDZ,IIRq+AVD2,IIRq,k2 = J-RIIRAifth + ijzAifth (21)

IV. SIMULATION VERIFICATION

A simulation model of the grid-connected DFIG-based
wind farms via VSC-HVDC transmission system is built on
the RT-LAB platform, as shown in Fig. 4, and the main sim-
ulation parameters are shown in Table I.

RT-LAB host computer

PXI
£

Oscilloscope .

PXI controller
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100 ms, the fault is cleared, and then the system topolo-
gy returns to normal. The flexible DC converter returns

to the constant voltage constant frequency control,

DFIG
(MPPT) control.

TABLE 1

and

returns to the maximum power point tracking

MAIN SIMULATION PARAMETERS OF GRID-CONNECTED DFIG-BASED WIND
FARMS VIA VSC-HVDC TRANSMISSION SYSTEM

Item Parameter Value
Rotor inductance 0.16 p.u.
DFIG
Stator inductance 0.18 p.u.
Proportion coefficient 1.63
PLL
Integration coefficient 40
Outer loop proportional coefficient 5
RSC Outer loop integral coefficient 50
Inner loop proportional coefficient 0.6
Inner loop integral coefficient 8
Outer loop proportional coefficient 8
GSC Outer loop integral coefficient 400
Inner loop proportional coefficient 4
Inner loop integral coefficient 50
Outer loop proportional coefficient 1
Flexible DC Outer loop integral coefficient 25
converter station  Inner loop proportional coefficient 1
Inner loop integral coefficient 6

host computer

Fig. 4. Hardware-in-loop experiment platform.

In the above experiment system, a three-phase ground
fault is set to occur at r=10.1 s, then the system switch-
es to the low voltage ride-through (LVRT) state. After

i"y t=10.2 s{fault clearance
5 1
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. AL
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Q:S fault L E L
occurrence
Time (150 ms/div)
()

Fig. 5.

A. Verification of Effectiveness of Proposed Strategy

In the above three-phase ground fault scenario, the simula-
tion results of DFIG output current, output active power, and
voltage at point of common coupling (PCC) are shown in
Fig. 5.

=102
clearan
z
=
3
2, |
0 |
g l
<
i fault
occurrence ‘ ’
b .
Time (150 ms/div)
(b)
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S ) l
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I |
L

Time (150 ms/div)
(d)

Simulation results of DFIG output current, output active power, and voltage at PCC. (a) d-axis component of DFIG output current. (b) g-axis com-

ponent of DFIG output current. (c) DFIG output active power. (d) Voltage at PCC.
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According to Fig. 5, the oscillation in grid-connected
DFIG-based wind farms via VSC-HVDC transmission sys-
tem diverges after the fault is cleared. The simulation re-
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sults of the interaction energy in Fig. 2 are obtained, as
shown in Fig. 6.
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Fig. 6. Change of interaction energy during divergent oscillation. (a) =V, ..

From Fig. 6(a)-(e), the magnitudes of -V, 5, Vi 5,
~Viuss —Viwows, and —Vp .o all increase with time after
fault clearance, which causes the oscillation to diverge.
From Fig. 6(f)-(h), it can be observed that the magnitudes
of interaction energy items —V; ,,. —V; 05, and =V, . all
decrease with time, which is conducive to the stable opera-
tion of the system. And the magnitudes of =V, 5, —V; 5.
~Vi5 s, and =V, ,, are much larger than those of the oth-
ers. Among them, -V ;s is the key factor leading to sys-
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tem instability.

When the proposed oscillation suppression strategy is ap-
plied 1.5 s after the fault is cleared, the simulation results
of DFIG output current and active power and the voltage at
PCC are shown in Fig. 7. The results in Fig. 7 prove that
the proposed strategy can quickly suppress the diverging os-
cillation. Besides, the simulation results of the interaction
energy in Fig. 2 are shown in Fig. 8, after the application
of the proposed strategy.
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Simulation results of DFIG output current, output active power, and voltage at PCC when proposed strategy is used. (a) d-axis component of DFIG

output current. (b) g-axis component of DFIG output current. (¢) DFIG output active power. (d) Voltage at PCC.
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It can be observed from Fig. 8 that after the proposed os-
cillation suppression strategy is applied, —V; ;15 —Vi o
~Viass =Viwows, and =V, ..o, which increase with time, rap-
idly reach the steady-state value. Similarly, —V; ... V7 05,
and -V, 4,5 also quickly reach the steady-state value. Ac-
cording to Fig. 7, after the application of the proposed strate-
gy, the system returns to stable operation. And before the ap-
plication of the proposed strategy, the total interaction ener-
gy of the system increases with time, finally causing the sys-
tem instability, as shown in Fig. 9(a). After the proposed
strategy is used, the total interaction energy of the system
quickly reaches a steady-state value, so the system returns to
stable operation, as shown in Fig. 9(b).
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Fig. 9. Simulation results of total interaction energy of system before and
after application of proposed strategy. (a) Before application. (b) After appli-
cation.

—1=102 s fault clearance
5 | i
5 | |
3 M :
[=9 ‘ A
e) ¥
& V
S t=10:1's
e : ™ =12 s switch on
2 falt roposed strate
occurrence prop gy
Time (150 ms/div)

(2)

Based on the simulation results in Figs. 6-8, the changing
trends of the interaction energy links in grid-connected
DFIG via VSC-HVDC transmission system conform to the
theoretical analysis in Section II. Thus, the theoretical analy-
sis is proven correct.

B. Verification of Performance of Proposed Strategy in Dif-
ferent Fault Scenarios

To verify the performance of the proposed strategy in dif-
ferent fault scenarios, the following simulation scenarios are
set up.

1) Scenario 1: a single-phase ground fault occurs at =
10.1 s. After 100 ms, the fault is cleared. And the proposed
strategy is applied at 1=12.0 s.

2) Scenario 2: a two-phase ground fault occurs at r=10.1
s. After 100 ms, the fault is cleared. And the proposed strate-
gy is applied at 1=12.0 s.

3) Scenario 3: a two-phase fault occurs at r=10.1 s. After
100 ms, the fault is cleared. And the proposed strategy is ap-
plied at 1=12.0 s.

The simulation results of DFIG output current and active
power in scenarios 1-3 are shown in Figs. 10-12, respective-
ly. From Figs. 10-12, the system oscillation in different sce-
narios can be suppressed quickly and smoothly by using the
proposed oscillation suppression strategy in this paper. There-
fore, it can be applied in different scenarios.
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Fig. 10. Simulation results of DFIG output current and active power in scenario 1. (a) d-axis component of DFIG output current. (b) DFIG output active power.
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C. Effectiveness Comparison with Existing Strategy

The oscillation suppression effectiveness of the proposed
strategy has been compared with that of the stability en-
hancement strategy based on parameter optimization in [28].
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Fig. 13.

It can be observed from Fig. 7(a), Fig. 7(c), and Fig. 13
that compared with the oscillation suppression strategy based
on parameter optimization, the proposed strategy in this pa-
per can suppress system oscillation rapidly and smoothly.

V. CONCLUSION

An oscillation stability analysis suitable for the grid-con-
nected DFIG-based wind farms via VSC-HVDC transmission
system is conducted, and an oscillation suppression strategy is
proposed for the system after fault clearance. Based on the
mathematical models of DFIG and VSC-HVDC, the dynamic
energy model of the interconnected system is constructed. By
analyzing the influence of each interaction energy item on the
system stability, the mechanism of oscillation instability is re-
vealed, and an oscillation suppression strategy is put forward.
The main conclusions are as follows.

1) In grid-connected DFIG-based wind farms via VSC-
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Simulation results of DFIG output current and active power in scenario 2. (a) d-axis component of DFIG output current. (b) DFIG output active power.
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Simulation results of DFIG output current and active power in scenario 3. (a) d-axis component of DFIG output current. (b) DFIG output active power.

In the comparison test, a three-phase grounding fault is
set to occur at r=10.1 s, and the fault lasts for 100 ms. The
simulation results of DFIG output current and output active
power are shown in Fig. 13. The system control parameters
adjust to those given in Table Il at 1=11.7 s.
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Simulation results of DFIG output current and active power. (a) d-axis component of DFIG output current. (b) DFIG output active power.

HVDC transmission system, the energy flows will be redis-
tributed when a fault occurs and after the fault is cleared. Af-
ter fault clearance, the d-axis subsystem of GSC current
inner loop, PLL, and g-axis subsystem of VSC-HVDC
voltage outer loop are the key factors that induce the os-
cillation.

2) The phase compensation branches can effectively re-
duce the interaction energy between PLL and the subsystem
of d-axis RSC current inner loop, which is conducive to the
system stability. The supplementary damping control branch
can increase the dissipation energy of RSC current inner
loop subsystems, thus effectively suppressing the transmis-
sion of the oscillation energy.

3) The proposed strategy can quickly suppress diverging
oscillations in the grid-connected DFIG-based wind farms via
VSC-HVDC transmission system. It can help ensure the stable
operation without affecting the control performance of the sys-
tem in normal operation states.
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TABLE I
MAIN PARAMETERS AFTER OPTIMIZATION

Item Parameter Value
Proportional coefficient 1.44
PLL
Integral coefficient 37.8
Outer loop proportional coefficient 3
RSC Outer loop integral coefficient 5
Inner loop proportional coefficient 0.33
Inner loop integral coefficient 7.8
Outer loop proportional coefficient 8
GsC Outer loop integral coefficient 400
Inner loop proportional coefficient 4
Inner loop integral coefficient 50
Outer loop proportional coefficient 1
Flexible DC Outer loop integral coefficient 25
converter station Inner loop proportional coefficient 1
Inner loop integral coefficient 6
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